Background The insulin-like growth factor-1 receptor (IGF-1R) pathway is known to play a role in the acquisition of resistance to epidermal growth factor receptor (EGFR)-specific tyrosine kinase inhibitors (TKIs) in non-small cell lung cancer (NSCLC). However, its exact role in TKI resistance has so far remained unclear. Here, we interrogated the hypothesis that the IGF-1R may serve as a biomarker for, and may play a role in, intrinsic resistance to the EGFR-specific TKI gefitinib in NSCLC. Methods Total-IGF-1R and phosphorylated (p)-IGF-1R expression levels were related to gefitinib sensitivity in 23 NSCLC cell lines. This sensitivity was re-evaluated after knocking down IGF-1R expression and after IGF-1R upregulation through exogenous IGF-1 expression. The utility of IGF-1R expression as a predictive biomarker was also evaluated by immunohistochemistry (IHC) in 98 primary NSCLC samples from patients treated with gefitinib.
Introduction
Lung cancer is the leading cause of cancer-related mortality with 157,300 deaths in 2010 in the United States alone, and more than 1,300,000 deaths each year globally [1] . The overall 5 year survival rate for lung cancer patients remains extremely low (approximately 16 %), highlighting the need for more effective treatment strategies. One of the most important advances in the treatment of non-small cell lung cancer (NSCLC) over the last decade has been the development of targeted therapies aimed at the epidermal growth factor receptor (EGFR) [2] . The EGFR signaling pathway has been studied extensively and, by doing so, it was found that 40-80 % of NSCLCs exhibit over-expression of the EGFR. In addition, it was found that tumors that carry activating mutations in the EGFR gene are particularly sensitive to EGFRspecific tyrosine kinase inhibitors (TKIs) [2, 3] . Currently, among the existing bio-markers, the EGFR mutation status plays a prominent role in the treatment of advanced NSCLC in 1 st line therapies, and EGFR TKIs have been shown to be superior to chemotherapy in EGFR mutation-positive NSCLC patients [2, [4] [5] [6] [7] . The TKI gefitinib has been FDA approved for patients harboring EGFR mutations. However, as of yet all NSCLC patients treated with EGFR-specific TKIs develop at some point resistance to these TKIs.
Resistance to EGFR-specific TKIs may result from intrinsic and/or acquired processes. Acquired resistance may occur e.g. through the occurrence of additional mutations in the EGFR gene, such as the T790M mutation, which is associated with >50 % of NSCLC cases with acquired TKI resistance [8] [9] [10] ], cMET amplification [11] [12] [13] [14] , epithelialmesenchymal transition (EMT) [15] , or insulin-like growth factor 1 receptor (IGF-1R) pathway activation [16] [17] [18] . Currently, there is a growing body of evidence for a role of the latter pathway in the acquisition of resistance to EGFR-specific TKIs. The IGF-1R binds both insulin-like growth factor-1 (IGF-1) and IGF-2. IGF-1 is a potent stimulator of mitogenesis and can promote cellular differentiation and transformation. Furthermore, IGF-1 acts as a major survival factor and protects cells from apoptosis in a wide variety of conditions [18] . It has been reported that lung cancer patients exhibit high levels of circulating IGF-1, which is in line with the notion that the IGF-1R pathway may be involved in the development of this disease [18] . The IGF-1R is expressed in many cancers [19] , and its stimulation has been found to interfere with the anti-tumor activity of EGFR inhibitors through apoptosis inhibition by amphiregulin [18] . In addition, TKIs can induce EGFR/IGF-1R heterodimerization, thereby transmitting survival signals through the IGF-1R and its downstream mediators [20] . Ludovini et al. [21] reported that among 125 NSCLC patients, co-expression of IGF-1R and EGFR was associated with a shorter disease-free survival in resected stage I patients, and others reported that high IGF-1R expression was associated with a poor survival in surgically resected NSCLC patients [17, 22] . Additionally, IGF-1R overexpression was found in EGFR TKI-resistant primary human glioblastomas [16] and down-regulation of IGFBP-3 and IGFBP-4 in EGFR TKI-resistant squamous carcinoma cancer cell lines [23] . Intrinsic (primary) resistance to TKIs has been related to e.g. the presence of KRAS mutations [13, [24] [25] [26] [27] [28] .
The aim of this study was to evaluate the role of the IGF-1R as a potential biomarker for resistance to the EGFRspecific TKI gefitinib. To this end, we assessed in a series of lung cancer cell lines whether (i) total or phosphorylated IGF-1R can predict resistance to gefitinib, (ii) knocking down IGF-1R expression through shRNA can render gefitinib-resistant cell lines sensitive, and (iii) IGF-1 can increase the proliferation rate of gefitinib-resistant or gefitinib-sensitive cell lines. Next, we validated our results in a clinical cohort of 98 Japanese patients with NSCLC who were treated with gefitinib.
Materials and methods

Cell lines and culture conditions
The 23 NSCLC cell lines used in this study were obtained from the American Tissue Culture Collection (ATCC, Manassas, VA, USA) and propagated and maintained in RPMI-1640 medium (Sigma, USA) supplemented with 10 % foetal bovine serum (Sigma, USA). The packaging cell line phoenix 293 T was maintained in Dulbecco's modified Eagle's medium (DMEM) (GIBCO, USA) supplemented with 10 % foetal bovine serum. All cells were cultured at 37°C in a humidified atmosphere (95 %) and mixture of air and CO 2 (5 %).
MTS assay
The sensitivity of cells to gefitinib was determined by using a MTS in vitro cytotoxicity assay according to the manufacturer's instructions (Promega Corp, USA). In brief, cells were seeded overnight at optimized densities in 96-well plates in RPMI 1640 medium containing 10 % FBS. Next, cells were treated with gefitinib for 72 h at concentrations ranging from 0-30 μM. Cell growth in the presence of only the vehicle (DMSO) was calculated and set at 100 %. IC50 was defined as the drug concentration that leads to 50 % decrease in cell growth.
Lentiviral transduction and gefitinib sensitivity
Three vectors containing RFP-labeled IGF-1R shRNA sequences (B5, B10 and G6), a vector control (NSC), and two lentiviral packaging plasmids (pCMV-VSV-G and pHR-8.2ΔR) were purchased from Thermo Fisher Open Biosystems. The recombinant and control lentiviruses were produced through transfection of phoenix 293 T cells by the LT1 method. In brief, 7.5 × 10 293 T cells were cultured in DMEM with 10 % foetal bovine serum in a T75 flask. After 24 h and 1 h prior transfection, 8 ml of fresh DMEM growth medium was added. Transfection of 3 vectors (pCMV-VSV-G, pHR-8.2 ΔR, and a recombinant lentiviral vector or control vector) using the LT1 transfection reagent (Thermo Fisher Open Biosystems) was performed and the transfected 293 T cells were maintained at 37°C. After 48 h, the produced lentiviruses were harvested and NSCLC H226 cells were transduced. These transduced cells were screened in puromycin selective medium for 3 days. For gefitinib sensitivity detection, the transduced cells were seeded in 96-well plates using RPMI-1640 with 10 % FBS. After 24 h the cells were treated with different concentrations of gefitinib and incubated with or without doxycycline. Five days later, the levels of growth inhibition were determined by the MTS assay.
Preparation of total cell extracts and immunoblot analysis
After growth to 70-80 % confluence, cells were harvested and resuspended in RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.1 % SDS, 0.5 % deoxycholic acid, 0.02 % sodium azide, 1 % NP-40, 2.0 μg/ml aprotinin, 1 mM phenylmethylsulfonylfluoride [PMSF]). To detect the effect of IGF-1R knock-down, the cells were seeded into 10 cm dishes. After 24 h the cells were incubated with doxycycline for varying lengths of time. After lysis, equivalent amounts of proteins were used for total IGF-1R detection. The effects of IGF-1 stimulation were detected by serum starving the cells for 24 h and then stimulating the cells with 5 or 10 ng IGF-1 for 10 min. Equivalent amounts of proteins were used for total-IGF-1R, Erk1/2, phosphorylated-Erk1/2, AKT, and phosphorylated-AKT (Cell Signaling Technology, Beverly, MA) immunoblot detection.
Total-IGF-1R and p-IGFR-1 expression levels
The expression level of total-IGF-1R in the gefitinibsensitive H-827 cell line was chosen as the lower limit of total-IGF-1R positivity by immunoblotting (see above). Using this cut-off, 13 of the 17 gefitinib-resistant cell lines were positive for total-IGF-1R, whereas all 3 of the gefitinib-sensitive cell lines were negative. The expression level of phosphorylated (p)-IGF-1R in the gefitinib-resistant H1975 cell line was chosen as the lower limit of p-IGF-1R positivity. Using this cut-off, 7 out of 17 cell lines that were gefitinib-resistant exhibited high levels of p-IGF-1R and 3 of the gefitinib-sensitive cell lines were negative for p-IGF-1R. The immunoblot bands were quantified using ImageJ software.
Immunoprecipitation of IGF-1 activated p-IGF-1R
To detect basal levels of p-IGF-1R, 48 hours before collection the cells were seeded at optimized densities in 10 cm dishes in RPMI 1640 medium containing 10 % FBS. When the cells were grown to 70-80 % confluence, they were washed with ice-cold 1x PBS and lysed on ice in RIPA lysis buffer (see above). Next, the lysates were centrifuged at 10,000 g for 15 min at 4°C. Equal amounts of whole cell lysates (1 mg) were used for immunoprecipitation. After preclearing with 40 μl of protein G agarose for 30 min, the lysates were incubated with the phosphotyrosine antibody PY20 (Santa Cruz Biotechnology, USA) overnight on a rotating wheel at 4°C. Enrichment of specifically bound antibody was achieved by the addition of 60 μl protein G agarose for 2 h. After brief centrifugation and washing, the precipitated proteins were released from the bead complexes by boiling in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and analyzed directly by SDS-PAGE and immunoblotting. In the IGF-1 stimulation experiments, cells were seeded in 10 cm dishes 24 h before collection. Then the cells in monolayer were washed twice with serum-free medium to remove residual FBS. After overnight serum starvation, the cells were stimulated for 10 min at 37°C and 5 % CO 2 with serum-free medium containing different concentrations of IGF-1. After this, the cells were washed with ice-cold 1x PBS and lysed on ice using lysis buffer, and subjected to immunoprecipitation as described above.
Cell proliferation assay
Cell proliferation was assessed by measuring 5-bromo-2-deoxyuridine (BrdU) incorporation during DNA synthesis in proliferating cells according to the manufacturer's instructions (Roche Molecular Biochemicals). Briefly, 100 μl of cell suspension (2×10 5 cells/ml) was seeded into 96-well plates containing RPMI 1640 medium with 0.5 % FBS. Cells were allowed to adhere to the substratum for 24 h. Next, the medium was replaced with fresh RPMI 1640 containing IGF-1 (50 μg/ml or 100 μg/ml) and the cells were incubated for another 24 h. Then 10 μM BrdU was added to incorporate into the newly synthesized DNA. After 2 h of incubation the culture medium was removed, the cells were fixed and permeabilized, and the DNA was denatured to enable antibody binding to the incorporated BrdU. Anti-BrdU antibody was added to the wells for 1 h at room temperature. Unbound antibody was removed and horseradish peroxidase-(HRP)-conjugated goat-anti mouse antibody was added. Next, a substrate solution was added to each well, resulting in a colour change proportional to the amount of DNA synthesized by the cells. Finally, the colour reaction was stopped and the optical density was determined using a Molecular Devices Vmax kinetic microplate reader, set to 450 nm.
IGF-1R protein expression analysis by immunohistochemistry
Immunohistochemical (IHC) evaluation was performed using the Ventana G11 anti-IGF-1R antibody following the manufacturer's instructions (CONFIRM™, Ventana Medical Systems, Tucson, AZ). Briefly, 4 μM sections were stained on the Ventana BenchMark XT autostainer via a 16 min primary antibody incubation and evaluated using the ultraView detection kit. Placental tissue was included as a positive control, and as a negative control a non-immune rabbit antibody was used instead of the primary antibody on the positive control tissue. The score was determined according to the 'hybrid scoring system' (H-score) criteria, through which the products of the five staining intensity categories (0-4) are multiplied by the percentage of positive cells (0-100 %). Thus, the final IHC scores range from 0 to 400. IHC staining was evaluated at the University of Colorado by a certified pathologist and a trained reader who were blinded to the clinical data.
Clinical cohorts
Patients
In this study we included 98 Japanese NSCLC patients who were treated with gefitinib as monotherapy (250 mg per day), and who were assessed for recurrent disease after having undergone curative pulmonary resection at the Tokyo Medical University Hospital between May 1995 and March 2008. The clinical characteristics of these patients have been described before in [3] and [29] . Briefly, this NSCLC cohort includes 46 male and 52 female patients of which 50 were smokers, 80 patients with adenocarcinomas (ADC), 9 patients with squamous cell carcinomas (SCC), 5 patients with large cell carcinomas and 4 patients with other NSCLCs, defined according to the World Health Organization criteria [30] . Pathological staging at the time of surgery using the TNM classification of malignant tumors in conjunction with H&E stained sections [31] revealed 14, 17, 10, 9, 36, 7 and 5 patients at stages IA, IB, IIA, IIB, IIIA, IIIB and IV, respectively. The responses to gefitinib therapy were defined according to response evaluation criteria in solid tumors (RECIST), in conjunction with computed tomography scanning [32] , as complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD). At least 4 weeks after the initial determination of therapy response a confirmatory evaluation was repeated. During gefitinib therapy, assessments were performed every 4 weeks for the first 4 months and then every 8 weeks until disease progression. As RECIST recommends that the duration of SD should specify the minimal time interval required between two measurements, disease control (DC= CR+PR+SD) was evaluated at 12 weeks. Of the 98 patients included, 10 (10 %) received gefitinib as 1st systemic anticancer therapy after recurrence, 43 (44 %) received gefitinib as 2nd and 45 (46 %) as ≥3rd line therapy. Objective responses were considered only for patients treated with gefitinib for at least 4 weeks. Responses were available for 94/98 patients. Progression free survival (PFS) was defined as the time from the start of gefitinib therapy to progression or death.
Tissue microarrays
Paraffin-embedded tissue blocks were prepared following fixation with 10 % formalin from the 98 surgical resection specimens included in this study, and subjected to pathological review. Whole tissue mounts were used from 28 of the patients, whereas tissue microarrays (TMAs) were generated from 70 patients. Three replicate core samples (1.2 mm) from the most representative tumor areas were collected and the TMAs were assembled using a tissue-arraying device. Normal liver tissues were used for slide orientation purposes. After sectioning, the slides were stored at 4°C until use.
Results
Total-IGF-1R and p-IGF-1R expression and its association with gefitinib sensitivity
In order to identify cells with different responses to gefitinib, a panel of 23 NSCLC cell lines was screened using the MTS assay. The sensitivity of each cell line is presented as IC50 (Fig. 1a) . A wide range of sensitivity was observed across this panel. The resistant/sensitive phenotype to gefitinib was classified as follows: cell lines with an IC50 above 10 μM were defined as resistant and those with an IC50 below 2 μM as sensitive, whereas those in between were defined as intermediate. Using this classification, the Calu-3, HCC4006 and H827 cell lines were sensitive, the HCC95, H2122 and HCC193 cell lines intermediate and the remaining 17 cell lines resistant to gefitinib (Fig. 1a) . The mutations status of each cell line is indicated below the MTS assay in Fig. 1a .
To assess whether IGF-1R activation is correlated with gefitinib-resistance, the protein expression levels of both total and activated p-IGF-1R were determined in the 23 NSCLC cell lines using immunoblotting and immunoprecipation followed by immunoblotting, respectively. Endogenous GAPDH was used as a loading control. By doing so, we found that total-IGF-1R was expressed at varying levels in all cell lines, with the exception of the gefitinib-resistant cell line H441, which did not appear to express any total-IGF-1R (Fig. 1b) . The expression level of total-IGF-1R in the gefitinib sensitive cell line H-827 was arbitrarily chosen as the lower limit of total-IGF-1R positivity. By using this cut-off level, 13 of the 17 gefitinib-resistant cell lines were positive for total-IGF-1R. Also, all 3 gefitinib-sensitive cell lines were positive. These results provide a specificity of 76 %, a sensitivity of 0 %, a positive predictive value of 81 %, and negative predictive value of 0 % for total-IGF-1R to predict resistance to gefitinib (Fig. 1c, d ). The 3 cell lines defined as having an intermediate sensitivity to gefitinib were all positive for total-IGF-1R. Phosphorylated (p)-IGF-1R was also observed in a number of cell lines with varying degrees of expression. The expression level of p-IGF-1R in the H1975 cell line was arbitrarily chosen as the lower limit of positivity. By using this cut-off level, 7 out of the 17 gefitinib-resistant cell lines exhibited high levels of p-IGF-1R, whereas all 3 gefitinibsensitive cell lines were negative for p-IGF-1R. This results in a specificity of 100 %, a sensitivity of 41 %, a positive predictive value of 100 %, and negative predictive value of 23 % for high p-IGF-1R to predict resistance to gefitinib (Fig. 1c, d) . From the 3 cell lines defined as having an intermediate sensitivity to gefitinib, 2 were positive for p-IGF-1R and one was negative. These cell lines were not included in the specificity and sensitivity analyses. Together, these data suggest that a high total-IGF-1R level does discriminate between cell lines resistant or sensitive to gefitinib. However, while high p-IGF-1R can predict resistance to gefitinib (7/7), low p-IGF-1R expression cannot predict resistance, as 10 out of 13 cell lines which expressed low levels of p-IGF-1R were resistant to gefitinib (Fig. 1d) .
IGF-1R expression knock-down and its effect on gefitinib sensitivity
To further investigate the correlation between IGF-1R expression and gefitinib resistance in NSCLC, we assessed whether reducing the expression of IGF-1R in a resistant cell line would affect its sensitivity to gefitinib. To this end, H226, a gefitnib resistant cell line, was transduced with either of 3 IGF-1R shRNA lentiviruses (B5, B10 and G6). The efficiency of the knock-down (KD) was evaluated by immunoblotting of the 3 respective cell lines generated following a time course of doxycycline induction of the shRNAs (Fig. 2a) . Compared to the normal control parental H226 cell line (NC), IGF-1R expression was significantly reduced in the B5 and B10 transduced cell lines, with a maximum reduction at day 6. While IGF-1R expression was also reduced in the G6 transduced cell line relative to the normal parental control, the expression at day 6 did not appear to differ from that at day zero. (Fig. 2a) . In order to next assess whether a reduction in IGF-1R protein expression does affect gefitinib sensitivity, the viability of the B5 and B10 transduced cell lines was measured using the MTS assay following treatment with increasing concentrations of gefitinib with and without induction of the shRNAs. By doing so, we found that there was no difference in viability between the induced and the non-induced cell lines at any concentration of gefitinib and, thus, that both cell lines remained resistant (Fig. 2b) . These results indicate that the presence of IGF-1R is not responsible for the resistance to gefitininb in this cell line and that, in addition, this cell line is not dependent on IGF-1R for growth.
IGF-1 stimulation of IGF-1R and its downstream signaling
In order to assess whether gefitinib resistant cell lines are capable of activating the IGF-1R pathway and inducing proliferation, 3 gefitinib-resistant cell lines (H1975, A549 and H226), 2 gefitinib-sensitive cell lines (HCC4006 and Calu-3) and 1 intermediate cell line (HCC95) were stimulated with IGF-1 following a 24 h serum starvation. As shown in Fig. 3a , IGF-1 was capable of activating IGF-1R in all the gefitinib-resistant cell lines tested and the gefitinibsensitive cell line HCC4006, but not the gefitinib-sensitive cell line Calu-3. The downstream mediator AKT was, however, activated in the Calu-3 cell line, as well as in all the other cell lines tested. All cell lines had high basal levels of activated ERK (p-ERK) except the A549 cell line, which had a lower but still detectable level of p-ERK. While all cell lines exhibited some level of responsiveness to IGF-1, none of the cell lines showed any change in proliferation rate, as measured by BrdU incorporation, following IGF-1 stimulation (Fig. 3b) . These results indicate that neither the gefitinib-resistant nor the gefitinib-sensitive cell lines appear dependent the IGF-1R pathway as a predominant driver for growth, although they respond to IGF-1 by activating the receptor and/or its downstream pathway.
IGF-1R protein expression in a clinical cohort treated with gefitinib
IGF-1R protein expression levels and clinical characteristics
In order to further explore the hypothesis that higher IGF-1R protein expression predicts resistance to EGFR-targeted therapy, we examined total-IGF-1R protein expression levels in a cohort of 98 NSCLC patients who were treated with gefitinib following post-surgical relapse of their disease. In Table 1 Fig. 4a the IGF-1R distributions for the entire population, as well as by gender, histology and EGFR mutation status, are shown.
IGF-1R protein expression levels and associations with clinical response
We also examined IGF-1R protein expression levels relative to the best responses that the patients achieved upon gefitinib treatment. We found that IGF-1R expression was significantly higher in patients with progressive disease (PD), i.e. resistance, as compared to those with a complete response (CR) or a partial response (PR) (mean H-score 202 for PD versus 102 for CR/PR, p=0.0003) ( Table 1 and Fig. 4b) 
IGF-1R protein expression discriminates between progressive disease and clinical response or disease control
Due to the significantly higher expression levels of IGF-1R in patients with PD, we assessed whether IGF-1R expression can discriminate between PD and either CR/PR or DC using receiver operator characteristics (ROC) curve analyses. By doing so, we indeed found that IGF-1R can discriminate between PD and CR/PR with a significant area under the curve (AUC) of 0.82 (p=0.0006) and, likewise, that there was a significant discrimination between PD and DC (AUC 0.76, p=0.0006) (Fig. 5a and Table 1 ). There was also a trend towards significance in the EGFR WT or non-exon 19 deletion or exon 21 mutation-positive subgroup with an AUC of 0.76 (p=0.0888) for PD versus CR/PR and of 0.65 (p=0.1060) for PD versus DC. However, within the EGFR exon 19 or 21 mutation-positive population, those most likely to be responsive to gefitinib, IGF-1R protein expression could significantly discriminate PD from CR/PR (AUC 0.92, p=0.0254) and PD from DC (AUC 0.90, p=0.0222).
IGF-1R protein expression and its association with disease outcome
Given the ability of IGF-1R to discriminate between PD and either CR/PR or DC and the significantly higher expression of IGF-1R in the cases with PD, we assessed whether there is a difference in progression-free survival (PFS) after gefitinib for the NSCLC cases high in IGF-1R protein expression as compared to those with a low expression. For this analysis we chose a cut-off point of ≥155 for positive, as this was the point on the ROC curve that gave the best discrimination between PD and CR/PR, while maintaining both a sensitivity and specificity above 70 %. Figure 5b shows that within the entire cohort high IGF-1R expression significantly associated with a shorter PFS (p=0.0175, HR 1.7 (95 % CI, 1.1 to 2.7), which is consistent with its higher expression in patients with disease progression. Within the EGFR WT or non-exon 19 deletion or exon 21 mutationpositive population there was no difference in PFS for those with a high versus a low IGF-1R protein expression (p= 0.1394, HR 1.6 (95 % CI, 0.9 to 2.8). There was, however, a trend for a decreased PFS in the EGFR exon 19 deletion or exon 21 mutation-positive patients that were high for IGF-1R (p=0.0856, HR 2.1 (95 % CI, 0.9 to 4.9), which is also consistent with the gefitinib response data in this subgroup.
Discussion
Activating mutations in the EGFR gene confer sensitivity to the EGFR-specific TKIs gefinitib and erlotinib in patients with NSCLC. Even though many patients show an initial response, they all succumb to relapse due to resistance to this treatment. The goal of this study was to explore, using multiple approaches, the hypothesis that the IGF-1R may serve as a biomarker for, and plays a role in, intrinsic resistance to the EGFR TKI gefitinib in lung cancer cells. We demonstrated that (i) the presence of high total-IGF-1R
and p-IGF-1R does discriminate between cell lines that are either resistant or sensitive to gefitinib, (ii) while shRNA was effective in knocking-down IGF-1R protein expression in a gefitinib-resistant cell line, there was no increase in sensitivity to gefitinib after this knock-down, (iii) IGF-1 did not increase the proliferation rate of gefinitib-resistant or gefinitib-sensitive cell lines, and (iv) in a gefitinib treated clinical NSCLC cohort high IGF-1R protein expression was associated with PD and a shorter PFS. Collectively, this study suggests that total-and p-IGR-1R may serve as biomarkers for intrinsic resistance to the EGFR-specific TKI gefitinib in lung cancer cell lines and in NSCLC patients treated with gefitinib. These results may have significant clinical implications, as there is currently no biomarker available that can predict resistance to EGFR-specific TKIs. Known biomarkers can, however, predict responses to EGFR-specific TKIs. For example, NSCLC patients with KRAS mutations have shown poor clinical outcomes when treated with EGFR-specific TKIs and chemotherapy [33] , and another study has shown that tumors with KRAS exon 2 mutations were associated with a lack of response to these TKIs [26] . Our in vitro studies suggest that high total-IGF-1R can predict resistance to gefitinib with a specificity of 76 % and a positive predictive value of 81 %, while high p-IGF-1R can predict resistance with a specificity of 100 %, a sensitivity of 41 %, a positive predictive value of 100 % and a negative predictive value of 23 %. Most importantly, the clinical data support a discriminative power within patients with EGFR mutations, i.e., high IGF-1R expression predicts gefitinib resistance even in the presence of EGFR mutations (Fig. 4) . However, our current study suggests that IGF-1R signaling does not play a role as a de novo by pass mechanism for EGFR-specific TKI therapy in lung cancer cells in vitro. This notion is supported by (i) the fact that knocking down IGF-1R expression in a resistant cell line (H226, which was selected since this cell line is WT for EGFR and KRAS; Fig. 1 ), did not affect the resistance to gefitinib (Fig. 2) and (ii) the fact that IGF-1R activation had a similar proliferative effect both on gefitinib-sensitive and gefitinibresistant cell lines (Fig. 3) . One possible explanation for this lack of association may be that we have only examined the IGF-1R downstream signaling pathway. Thus, we cannot exclude the possibility that acquired resistance to EGFR may serve as an escape pathway form EGFR-specific TKI therapy. In addition, it is deemed necessary to screen additional gefitinib-resistant cell lines in order to definitely conclude that knocking down IGF-1R expression in a resistant cell line affects the resistance to gefitinib. Our findings stand in contrast to data available on the role of IGF-1R signaling in the acquisition of resistance to EGFR-specific TKIs. Guix et al. [23] developed a cell line model with an acquired resistance to EGFR-specific TKIs, which maintained its [20] . These data suggest that a combined treatment with EGFR-specific TKIs and IGF-1R inhibitors may decrease the proliferation of NSCLCs and induce its apoptosis in vitro and in vivo.
Gong et al. [17] reported that activation of IGF-1R by IGF-1 or inhibition of IGF-1R by R1507 had a minimal effect on ERK activation in either R1507-sensitive orresistant cell lines. Thus, IGF-1R appears to be the major driving force for AKT activation in drug-sensitive (R1507) cells. The dependence of AKT on IGF-1R signaling was further underscored by a knock-down of IGF-1R using siRNAs. Consistent with these and our current results (Fig. 3) , previous studies in rhabdomyosarcoma cells have shown that the phospho-AKT status is predominantly controlled via IGF-1R activation [34] . Insulin receptor substrate 1 (IRS-1) is known to mediate the activation of PI3K by associating with src homology 2 domains of the p85 subunit of PI3K upon IGF-1R pathway activation [35] . In EGFR dependent cells, the activation of the PI3K/AKT pathway is most likely controlled by ERBB3 [18] . This latter option should, however, be further investigated.
Two retrospective analyses of IGF-1R expression in NSCLCs treated with gefitinib showed that this expression was not associated with resistance to gefitinib. Cappuzzo et al. [36] evaluated IGF-1R expression in 77 NSCLCs by immunohistochemistry and failed to find any significant difference in response to gefitinib treatment between high Receiver operator characteristic (ROC) curves for discrimination of gefitinib response, and Kaplan-Meier progression-free survival curves. a ROC curves showing the ability of IGF-1R protein expression to discriminate between either progressive disease (PD) and complete or partial response (CR/PR), or between PD and disease control (DC = CR+PR+stable disease, SD). Curves are shown for the entire cohort and the two EGFR mutation status populations. b Kaplan-Meier progression-free survival (PFS) curves for high versus low IGF-1R protein expression. Curves are shown for the entire cohort and the two EGFR mutation status subgroups and low IGF-1R expressing cases. Moreover, Fidler et al. [37] examined the expression of IGF-1R in 83 NSCLCs by immunohistochemistry and found no relationship between high IGF-1R expression and gefitinib resistance. The differences between these two studies and the results from our study could be explained by differences in the use of diagnostic antibodies, assessment methods and/or patient cohorts. We carried out our expression experiments in in vitro systems, while Cappuzzo et al. [36] and Fidler et al. [37] used solely clinical specimens. In addition, we measured total-IGF-1R and p-IGF-1R by immunoblotting, while the two clinical studies only used a total IGF-1R antibody for immunohistochemistry. These assays have distinct sensitivity and specificity parameters.
Our study also has some limitations. First, the expression level cut-off values for gefitinib resistant or sensitive cell lines were set based on the 23 NSCLC cell lines studied and second, the suggested predictive value of IGF-1R cannot achieve 100 % as its positive prediction value is 81. Taken together, we conclude that IGF-1R expression may serve as a biomarker to predict de novo resistance to gefitinib in NSCLC.
